In this paper, a different manufacturing technology for large-scale tee-forming is proposed by using a tooling set which can be assembled in a vertical or horizontal hydraulic press. A simpli®ed analysis model is also proposed to predict material¯ow and fracture during forming. The following sub-titles are included, namely: (a) computer-aided parametric tooling design module, (b) computer-aided engineering of tee-forming process, (c) design guides for preparing a tubular billet with an elliptical hole by considering stress concentration and wall thickness reduction. Finally, an industrial case study is discussed as a demonstration example, in which a coincidence between the ®nite element analysis and the proposed simpli®ed model is obtained. # 2000 Published by Elsevier Science S.A.
Introduction
Moreira Filho et al. [1] have developed an analysis model based on the slab method to analyze thin plate tee-forming involving extrusion by an elastomer rod. A mass production method to produce tee-®tting by means of bulge forming or hydro-forming is described in [2] . Xia and Wang [3] have developed a new type of die set for the multi-way die forging of pipe joints from solid materials. From the above discussions and literature survey, the production methods for teeforming can be brie¯y drawn as in Fig. 1 , which depicts four different processes to produce a tee-®tting by plastic working: (a) Method 1: tee-forming by bulge forming or elastomer rod extrusion, which is suitable for small scale and thin wall parts, and mass production; (b) Method 2: tee-forming by multi-axis forging, which is suitable for small scale and solid parts, and also mass production; (c) Method 3: teeforming by upsetting, drilling, compression and drawing, which is suitable for large scale and thin wall tube materials; (d) Method 4: tee-forming by stamping, extrusion and drilling, upsetting and welding, which is suitable for large scale and thin wall plate material.
There are two different approaches to build the geometry model, namely: the variational approach and the parametric approach [4] , the difference being whether the geometry is fully constrained or not. The former can be under-or overconstrained, and has been used for tolerance analysis, structure analysis, and design optimization; while the latter should be fully constrained, and is easy to use and is suitable to design forming toolings due to their high nonlinearity of plasticity behavior and boundary conditions [5] . Roll and Grober [6] have surveyed several simulation programs for the analysis of industrial forming processes. For example, LS-DYNA-3D and ABAQUS, etc. can simulate the stamping and tee-forming processes.
In this paper, a different manufacturing technology for large-scale tee-forming and its simpli®ed analysis mode is proposed. The following sub-titles are included, namely: (a) computer-aided parametric tooling design module, (b) computer-aided engineering of the tee-forming process, and (c) design guides for preparing a tubular billet with an elliptical hole by considering stress concentration and wall thickness reduction. An industrial case study is discussed, in which good coincidence between the ®nite element analysis and the proposed simpli®ed model is obtained.
Computer-aided technology for tee-forming

Computer-aided design module
The parametric CAD system Pro/Engineer (Pro/E) [7] is used to generate a series of tee and tooling geometry. Using parametric geometry to de®ne the geometric parts is the main feature of Pro/E. The solution procedures of the kernel program in Pro/E are to solve several small sets of nonlinear equations in sequence, therefore, the geometry generation is fast and the design of more complicated parts is possible. During the Pro/E design procedure, the dimensions, number of features in a part, number of parts in an assembly as well as design tolerances can be represented by parameters, constraints, or equations. Therefore, the part geometry can be modi®ed automatically when the related dimensions are changed. A typical tee geometry with its dimensions is shown in Fig. 2 . The following parameters are de®ned.
1. The ratio of the outside diameter of the bifurcation tube to the source tube:
where d 2 and d 1 are the outside diameter of the bifurcation tube and the source tube. 2. The ratio of twice the length of the long axis of the elliptical hole on the source tube and the outside diameter of the bifurcation tube:
3. The ratio between the lengths of the short axis and long axis of the ellipse-shaped open hole on the source tube:
where a and b represent the lengths of the long axis and short axis, respectively. 4. Fillet radius between the bifurcation tube and the source tube:
where m represents the length from the top end of the bifurcation tube to the central axis of the source tube.
According to the previous de®nitions, the dimensions of the source tube and the tooling can be obtained. All of these geometries corresponding to their relationships have been constructed in Pro/E.
Computer-aided analysis module
In computer-aided engineering, the Pro/E geometry model is transferred into PATRAN through a VDA interface in order to construct the meshes and nodes for ®nite element analysis (FEA). The LS-DYNA-3D FEA [8] package is used to verify the designed manufacturing process. The¯ow chart of computer-aided engineering is shown in Fig. 3 . LS-DYNA-3D is implemented to analyze three-dimensional impact problems because of consideration of the acceleration term in its governing equations. By using a center difference operator to solve the explicit time integration and using the dynamic relaxation method to solve the governing equations, there are no global stiffness matrix assemblies and complex matrix inversion operations in DYNA-3D nonlinear dynamic analysis. Energy convergence is used as the convergence criteria at each time step, therefore increase in the stability of the analysis is possible. However, the integration scheme requires the use of a time step smaller than a critical time step, which is called the Courant principle, i.e. the time step should be smaller than the required time for the stress wave to pass through the smallest element.
Theoretical studies Ð a simpli®ed model
By using DYNA-3D, detailed results such as stress distribution, strain distribution, and thickness reduction of the material can be obtained. However, it takes a long computation time and skillful efforts. In this paper, a simpli®ed model based on fracture mechanics and plasticity theory is proposed where the stress concentration effect, the height of the bifurcation tube, wall thickness reduction during forming can be obtained. Fig. 4 shows a straight tube with an elliptical hole of which the principal axis lengths are a and b, respectively. When an inner punch pushes the hole to form a bifurcation tube, the stress concentration at the corners will occur. According to stress concentration theory [9] , the stress concentration factors at corners A and B are
Consideration of stress concentration during forming
where s 1 and s 2 are the axial stress and hoop stress, respectively. Normally s 2 is equal to twice s 1 for a straight tube. The stress concentration can be represented as an effective stress
Therefore, the maximum stress can be obtained as
where s eff is the effective stress in the elliptical hole.
Design guides for preparing the source tube with an ellipse-shaped open hole
There are three major considerations in the design guide for preparing the source tube with elliptical hole: (a) the occurrence of tube fracture during the forming process due to stress concentration; (b) whether the heights of the bifurcation tube at locations A and B are equal or not; (c) the wall thickness reduction. An isometric view of the bifurcation tube and the strain components at corresponding coordinate axes are shown in Fig. 5 .
(a) Fracture consideration during the forming process. Fig. 6 depicts the bifurcation tube (the top view) before and 
whilst after forming, the length of circumference becomes
Therefore, the circumference strain is represented as
Assuming that the forming process belongs to linear strain deformation, the effective strain can therefore be depicted as where e rr , e yy , and e zz are the radial strain, the circumference strain, and the axial strain, respectively. Assuming that the material obeys a power law, the effective stress is then
where k and n are material constants. Substituting Eq. (12) into Eq. (7), the maximum stress in terms of effective stress can be obtained. If the maximum stress is larger than the ultimate tensile stress, fracture will occur. (b) Heights of the bifurcation tube at corners A and B. As Fig. 7 shows, the length of the unsupported portion at corner A can be represented as
and after plastic deformation, the length becomes
where (e zz ) A is the axial strain at corner A (the long axis). Therefore, the increased height at corner A can be represented as
The same procedures are used for corner B. As Fig. 8 shows, the length of the unsupported portion at corner B can be represented as
where (e zz ) B is the axial strain at corner B (the short axis). Therefore, the increased height at corner B can be represented as where
(c) Wall thickness after forming. The wall thickness after forming can be represented as t H AYB t e e rr AYB (20) where t is the original thickness, and (e rr ) A,B are the radial strain at corners A and B. 
Results and discussion
DYNA-3D analysis
Simpli®ed model
The same case of 16 in. (40.6 mm)Â6 in. (15.2 mm) teeforming with an elliptical open hole 90 mmÂ60 mm is studied using the proposed simpli®ed model. According to Eq. (10), e yy is equal to 1.15. Assume that the material obeys volume constancy, i.e. e rr e yy e zz 0, and e rr is equal to e zz divided by a factor F, the value of which is 4 at corner A and 2 at corner B. The calculated results are listed in Tables 1 and 2 , which shows that the simpli®ed model analysis results coincide well with the DYNA-3D analysis results. Fig. 10 shows the practical manufacturing of a large-scale one-piece tee-®tting using the proposed process. The advantages of the proposed process may be concluded as: (a) the fabrication is simple; (b) no welding as well as heating process is required, therefore less operators are employed; (c) not only is the production cost low, but also the produc- tion cycle is short; (d) additional surface ®nishing is required only for better appearance.
Practical manipulation
Conclusions
In this paper, three tools are integrated to design and verify a tee-forming process, namely Pro/E, PATRAN and DYNA-3D. Two cases have been simulated to establish the validity of this concept. However, the process takes a long computational time and skillful effort. Therefore, a simpli®ed model based on fracture mechanics and plasticity theory is built where the stress concentration effect, the height of the bifurcation tube, and the wall thickness reduction during forming can be calculated. The simpli®ed model as well as the fabrication process can be more easily used in industry. 
À1X15
3X04 À0X13 a According to Eq. (5), the stress concentration factor at A and B are K tA 3X5 and K tB 0X167, therefore the stress ratio K tA aK tB 20X96. Based on the power law, the strain ratio e yy A ae yy B ln 20X96 3X04. Fig. 10 . The experimental result for a large-scale one-piece tee-®tting.
